GABA, the main inhibitory neurotransmitter in the adult nervous system, evokes depolarizing membrane responses in immature neurons, which are crucial for the generation of early network activity. 
Introduction
In contrast to the classical inhibitory action of GABA in adult nervous systems (for review, see Kaila, 1994) , activation of GABA A receptors induces depolarizing membrane responses during early developmental stages (Ben-Ari et al., 1989; Luhmann and Prince, 1991; Owens et al., 1996; Mienville, 1998) . Such depolarizing GABA actions are crucial for developmental processes like neurogenesis, neuronal migration, neuritic outgrowth, and maintenance of early network activity (Ben-Ari, 2002; Owens and Kriegstein, 2002; Represa and Ben Ari, 2005) . Because depolarizing GABA actions are mainly caused by a Cl Ϫ efflux, the intracellular Cl Ϫ concentration ([Cl Ϫ ] i ) must be higher than established by passive distribution, implicating active Cl Ϫ uptake mechanisms in immature neurons (Kaila, 1994) . Although it is well established that Cl Ϫ extrusion, which renders GABA responses hyperpolarizing, is mediated by the KCC2 isoform of the K ϩ -Cl Ϫ cotransporter (Rivera et al., 1999; Hubner et al., 2001; Lee et al., 2005) , the mechanisms underlying Cl Ϫ uptake in immature neurons are still a matter of debate. Na ϩ -K ϩ -2Cl Ϫ cotransporters (NKCC) (in the brain found in its isoform NKCC1) mediate active Cl Ϫ uptake and are thus appropriate candidates for neuronal Cl Ϫ accumulation (Delpire, 2000; Payne et al., 2003) . Expression levels of NKCC1 have been reported to be high at birth and to decline subsequently (Plotkin et al., 1997; Yamada et al., 2004) , whereas other studies reported NKCC1 upregulation or redistribution during early development of CNS (Clayton et al., 1998; Marty et al., 2002) . Several studies found that Na ϩ -depleted solutions and loop diuretics, which both reduce the activity of NKCC1 (Russell, 2000) , decrease steady-state [Cl Ϫ ] i in immature neurons, suggesting a role for NKCC1 in the maintenance of high [Cl Ϫ ] i (Rohrbough and Spitzer, 1996; Kakazu et al., 1999; Ikeda et al., 2003; Yamada et al., 2004) . However, other studies reported the absence of NKCC1 (Balakrishnan et al., 2003) and/or other effective Cl Ϫ uptake systems and suggested that high steady-state [Cl Ϫ ] i is maintained by passive Cl Ϫ influx during depolarized phases (Titz et al., 2003 We performed this study on Cajal-Retzius (CR) cells, transiently existing neurons located in the marginal zone of the developing cerebral cortex that play a central role in neuronal migration (Soriano and Del Rio, 2005) . In contrast to other neurons, in which a developmental decline in [Cl Ϫ ] i leads to a heterogeneous [Cl Ϫ ] i distribution between cells (Shimizu- Yamada et al., 2004) , GABAergic membrane responses remain depolarizing in CR cells (Mienville, 1998) 
Materials and Methods
Electrophysiological recordings. For electrophysiological experiments and immunohistochemistry, tangential slices of the neocortex were prepared from neonatal Wistar rats at postnatal day 0 (P0) to P3 as described previously . Briefly, brains of postnatal rats anesthetized by deep hypothermia were isolated and immediately immersed in ice-cold (Ͻ4°C) artificial CSF (ACSF). The hemispheres were dissected, the pia was removed, and thin (Ͻ400 m) tangential slices were prepared and incubated for at least 1 h in ACSF at 31°C before experiments. Animal handling was performed in accordance with European Union directive 86/609/EEC for the use of animals in research and approved by the local ethical committee. Electrophysiological setup and procedures were described in detail previously . CR cells were identified by their morphological and electrophysiological properties . Only cells located next to the pial surface, displaying the characteristic morphological and electrophysiological properties, were included in the analysis. All experiments were performed at 30 Ϯ 1°C. Whole-cell patch-clamp recordings were performed with a pipette solution containing the following (in mM): 1 CaCl 2 , 2 MgCl 2 , 11 EGTA, 10 HEPES, 2 Na 2 -ATP, 0.5 Na-GTP, and varying amounts of K-gluconate and KCl, depending on the required Cl Ϫ concentration (with [gluconate] ϩ [Cl Ϫ ] ϭ 130 mM), pH adjusted to 7.4 with KOH and osmolarity to 306 mOsm with sucrose. Perforatedpatch experiments were performed as described previously (Kyrozis and Reichling, 1995; Kilb et al., 2002) with a pipette solution containing the following (in mM): 1 CaCl 2 , 2 MgCl 2 , 11 EGTA, 10 HEPES, either 130 K-gluconate (low Cl Ϫ ) or 130 KCl (high Cl Ϫ ), pH adjusted to 7.4 with KOH and osmolarity to 306 mOsm with sucrose, and 10 -15 g/ml gramicidin was added from a stock solution (1-2 mg of gramicidin in 1 ml of DMSO) at the day of the experiment. Cell-attached recordings of NMDA currents were performed as described by Tyzio et al. (2003) , with a pipette solution containing the following (in mM): 126 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 5 , 2 CaCl 2 , 2.5 KCl, 5 HEPES, 5 EGTA, pH adjusted to 7.4 with NaOH. Directly before the experiment, 10 M NMDA and 10 M glycine were added to the pipette solution. For cell-attached recordings, an EPC-7 patch-clamp amplifier (List-Electronic, Darmstadt, Germany) was used, whereas whole-cell and perforated-patch recordings were performed with a discontinuous voltage-clamp/currentclamp amplifier (SEC05L; NPI Electronics, Tamm, Germany). The resting membrane potential (RMP) was measured directly after establishing the whole-cell configuration or before the start of the measurements in perforated-patch configuration. Potentials were corrected for liquid junction potentials (136 mM Cl Ϫ , 3 mV; 50 mM Cl Ϫ , 6 mV; 30 mM Cl Ϫ , 6 mV; 20 mM Cl Ϫ , 8 mV; 10 mM Cl Ϫ , 9 mV; 6 mM Cl Ϫ , 9 mV). Because of short circuit effects of the leak conductance between cell membrane and patch pipette, the RMP is underestimated (Fricker et al. 1999; Tyzio et al., 2003) . Therefore, the measured potential was corrected for seal (R s ) and input resistance (R in ) according to the formula delivered by Tyzio et al. (2003) for each cell recorded under whole-cell conditions. Because R s cannot be measured precisely during the perforation process, we measured R s in some cells after 20 -30 min under cell-attached conditions using low Cl Ϫ pipette solution without gramicidin, resembling the perforation process. After 20 -30 min, R s amounted to 8.7 Ϯ 2.9 G⍀ (n ϭ 5), which was used for the estimation of the RMP in all perforatedpatch experiments.
To estimate [Cl Ϫ ] i , the GABA reversal potential (E GABA ) was determined by performing gramicidin-perforated patch-clamp recordings. GABA currents were elicited at different holding potentials by focal application of 1 mM GABA via an application pipette (tip opening, 1-1.5 m) placed ϳ25 m upstream of the recorded cell using a pressure application system (PDES 02T; NPI). An initial GABA pulse was delivered at Ϫ60 mV and omitted from analysis to reduce influence of receptor desensitization. This method gave very reproducible results of Ϯ1.7 mV when E GABA was determined three to four times in whole-cell experiments (n ϭ 39). [Cl Ϫ ] i was calculated from E GABA using the Goldman equation considering a relative HCO 3 Ϫ conductance of 0.2 (Bormann et al., 1987) , all efforts were made to minimize GABA currents by reducing the GABA application time to 1-3 ms, decreasing the number of voltage steps and increasing the interval between subsequent GABA application sequences (see Results for details).
Optical measurement of [Cl Ϫ ] i . Slices were loaded with the Cl Ϫ -sensitive fluorophore MEQ by incubating them for 60 min in 370 M 6-methoxy-N-ethyl-1,2-dihydroquinoline (diH-MEQ). Preparation of diH-MEQ and loading procedure were described previously in detail (Fukuda et al., 1998) . The slices were simultaneously loaded with the volume marker calcein (10 g/ml in the presence of 0.01% pluronic F127). Subsequently, the slices were placed in a submerged recording chamber mounted on the fixed stage of a microscope (E-600FN; Nikon, Tokyo, Japan). MEQ fluorescence was excited at 349 -361 nm and emitted at 415-475 nm, and calcein fluorescence was excited at 494 -506 nm and emitted at 550 -590 nm by means of a multiwavelength monochromator (Polychrome II; Till Photonics, Eugene, OR) and a custom-made dual-bandpass filter (Omega, Brattleboro, VT). Fluorescence images were obtained by a cooled CCD camera (C6790; Hamamatsu Photonics, Shizuoka, Japan) and were recorded and analyzed with the software package ARGUS-HisCa (Hamamatsu Photonics). Single-cell reverse transcription-PCR and in situ hybridization histochemistry. Single-cell RT-PCR investigations were performed according to protocols described in detail previously (Yamada et al., 2004) . Reverse transcription (RT) reaction was performed at 50°C for 30 min, whereas first-round PCR was performed with a 15 min preincubation at 95°C followed by 40 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C in a thermal cycler (PC-801; ASTEC, Fukuoka, Japan). First-round PCR products were diluted 250-fold and reamplified for 40 cycles (94°C, 30 s; 60°C, 30 s; 72°C, 1 min) using internal primer pairs. PCR products were visualized after 10% PAGE with ethidium bromide. Sequences of nested primer pairs for ␤-actin, KCC2, and NKCC1 were given previously (Yamada et al., 2004) . Outside and inside primer pairs for ClC2 were 5Ј-CATGGAATCAGCAGGCATTG-3Ј/5Ј-GGCACTTGTCATCACTATCA-3Ј and 5Ј-GTGACAAACGCAA-GCTGAAG-3Ј/5Ј-GTGACAATCCCAATGAGTCT-3Ј, respectively (GenBank accession number AF005720). In situ hybridization protocols and antisense mRNA probes for NKCC1 are described in detail previously (Kanaka et al., 2001) . The sequence of reelin antisense probe was CAC-GACAACATGGGCTCAGGCACTTCTACAAC (GenBank accession number AB049473) (Kikkawa et al., 2003) . Detection of hybridization probes was performed using emulsion microautoradiography on thionin-stained sections to allow morphological identification.
Immunohistochemistry. Tangential brain slices were fixed for 18 -24 h immediately after preparation. After washing in phosphate buffer (PB), slices were incubated in blocking solution (4% normal goat and 3% normal bovine serum, 0.5% Triton X-100, 0.05% azide in PBS) for 2 h at room temperature. Primary antibodies were incubated overnight at room temperature. For NKCC1 staining, the T4 antibody (1:800; Developmental Hybridoma Bank, Iowa City, IA) (Lytle et al., 1995) was used, and for reelin detection, the antibody SP142 (1:400; Chemicon, Hampshire, UK) (De Bergeyck et al., 1998) was used. After rinsing, the slices were incubated with secondary antibody [Alexa 568 coupled anti-mouse IG (Invitrogen, Karlsruhe, Germany), 1:400 for NKCC1 and Cy-2-conjugated anti-mouse antigen-binding fragments (FAB) (Dianova, Hamburg, Germany), 1:100 for reelin] for 2 h at room temperature. For simultaneous staining of NKCC1 and reelin immunoreactivity, slices were first exposed to SP142 antibody overnight. After rinsing, antibodies were marked with the Cy-2-conjugated anti-mouse FAB fragments. After rinsing, the slices were incubated for 48 h at 4°C with T4 antibody, which was subsequently marked with the secondary antibody. In whole-cell recordings, 0.5% biocytin was added to the pipette solutions. These slices were fixed overnight and, after washing biocytin-labeled cells, were stained with streptavidin-conjugated with Cy-3 (Dianova) or Alexa 488 (Invitrogen). Some of these slices were subsequently counterstained for reelin according to the protocol described above. The slices were embedded in fluoromount (Sigma, Taufkirchen, Germany). Immunofluorescence was investigated with a Nipkow spinning disk confocal system (Visitech, Sunderland, UK) attached to a conventional fluorescence microscope (Olympus BX51 WI; Olympus Optical, Tokyo, Japan) equipped with water immersion objectives and a cooled CCD camera (CoolSnap HQ; Roper Scientific, Ottobrunn, Germany) controlled by MetaMorph software (Universal Imaging, West Chester, PA). Green and red fluorescence was excited with the 488 and 568 nm lines of a Kr/Ar laser (Laser Physics, Malpas, UK).
Solutions and drugs. ACSF used for slice preparation, and electrophysiological recordings consisted of the following (in mM): 126 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 5 , 1 MgCl 2 , 2 CaCl 2 , 2.5 KCl, and 20 glucose and was equilibrated with 95% O 2 /5% CO 2 (pH 7.4; osmolarity, 336 mOsm). Na ϩ -free ACSF contained the following (in mM): 127.5 Tris-HCl, 1.25 KH 2 PO 5 , 1 MgCl 2 , 2 CaCl 2 , 1.25 KCl, 20 glucose, and 26 choline-HCO 3 . The following stock solutions were used: 50 mM bumetanide, 125 mM disodium 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonate (DIDS), 1 mM 9-anthracenecarboxylic acid (9-AC), 30 mM strychnine and 10 mM gabazine (GBZ) in DMSO as well as 1 mM tetrodotoxin (TTX) in citrate buffer. The final DMSO concentration never exceeded 0.3%. All substances except TTX (Tocris Cookson, Ballwin, MO) were obtained from Sigma.
Statistics. All values are expressed as mean Ϯ SEM. For statistical analysis of independent data sets, the Kolmogorov-Smirnov test was used, and for paired data sets, the sign-test was used (Systat 11; Systat, Point Richmond, CA). Results were designated significant at a level of p Ͻ 0.05, and significance levels are indicated by *p Ͼ 0.05, **p Ͻ 0.01, and ***p Ͼ 0.001.
Results

Properties of investigated cells
A total of 145 CR cells identified by their morphological and electrophysiological properties were used for this investigation. To confirm the identification of CR cells by morphological appearance in videomicroscopic image ( Fig. 1 A) , 16 visually identified CR cells were filled with biocytin and subsequently costained for biocytin and reelin, a marker for CR cells in the marginal zone (D'Arcangelo et al., 1997). All biocytin-labeled neurons showed the typical morphological properties of CR cells and were reelin positive ( Fig. 1 B) , demonstrating that CR cells can be unequivocally identified by videomicroscopy.
The average RMP under gramicidin-perforated patchclamp conditions [corrected according to the formula given by Tyzio et al. (2003) ; see Materials and Methods for details], was Ϫ80.3 Ϯ 2.1 mV (n ϭ 69), and R input was 1.6 Ϯ 0.1 G⍀. In most CR cells (n ϭ 55 of 69 CRc), injection of positive current elicited repetitive action potentials (APs) with an average amplitude of 35.1 Ϯ 1.2 mV and a width of 8.0 Ϯ 0.4 ms after reaching action potential threshold at Ϫ38.0 Ϯ 0.5 mV (Fig.  1C) . In 76 CR cells recorded in whole-cell configuration, the average RMP was Ϫ77.5 Ϯ 2.3 mV, R input was 1.3 Ϯ 0.1 G⍀, and repetitive action potentials with an average amplitude of 46.5 Ϯ 1.0 mV and a width of 9.3 Ϯ 0.4 ms were elicited in 73 of these 76 cells when depolarization exceeded Ϫ37.9 Ϯ 0.4 mV (Fig. 1 D) . The action potential threshold did not change during the investigated stage of development (P0 -P3) and did not depend on [Cl Ϫ ] i ([Cl Ϫ ] p : 10 mM, Ϫ36.5 Ϯ 1.5 mV, n ϭ 6; 20 mM, Ϫ38.7 Ϯ 1.7 mV, n ϭ 7; 30 mM, Ϫ36.5 Ϯ 1.2 mV, n ϭ 9). Injection of hyperpolarizing currents induced, under both conditions, a prominent voltage sag (Fig. 1C,D ) because of the activation of H-currents .
In addition, we estimated RMP of CR cells from the reversal potential of NMDA receptor-mediated currents in cell-attached configuration, which allows the determination of RMP without interfering with intracellular ion composition and under conditions where the relationship between R seal and R input could be neglected (Tyzio et al., 2003) . In this configuration, the NMDA receptor-mediated currents reverse when the pipette potential compensates the electromotive force given by the RMP and the reversal potential of the NMDA receptor. The NMDA receptormediated single-channel currents (Fig. 1 E) reversed their direction at a pipette potential of Ϫ68.1 Ϯ 5.5 mV (n ϭ 7) (Fig. 1 F) . From this value, an RMP of approximately Ϫ73 mV was estimated, assuming an NMDA receptor reversal potential of approximately ϩ5 mV (Tyzio et al., 2003) . Varying the interval between the GABA application protocols used to determine E GABA revealed that, at intervals of Ͻ2 min, E GABA was affected by the application protocols (Fig. 2 D) . Because the application of only two additional GABA pulses at a holding potential of Ϫ100 mV before the GABA application sequence shifted E GABA in negative direction (by 2.4 Ϯ 0.3 mV; n ϭ 6) (data not shown), we determined E GABA using holding potentials between Ϫ80 and Ϫ40 mV to minimize GABAergic currents and thus disturbances of [Cl Ϫ ] i . The determination of E GABA with this application protocol was suitable to investigate E GABA over long observation periods (Fig. 2 E) . (Fig. 3A) . Average E GABA amounted to Ϫ33.5 Ϯ 1.0 mV (n ϭ 68), corresponding to [Cl Ϫ ] i of ϳ33 mM. E GABA was not significantly affected ( p ϭ 0.24) by a shift in the holding potential to Ϫ80 mV for Ͼ30 min (Ϫ32.6 Ϯ 2.2 mV for Ϫ80 mV; n ϭ 7). Because [Cl Ϫ ] i at passive Cl Ϫ distribution is 13.4 mM (calculated using Nernst equation regarding E Cl ϭ RMP), this finding suggests that Cl Ϫ is actively accumulated in CR cells. One suitable candidate for such an active Cl Ϫ accumulation process is NKCC1 (Delpire, 2000; Payne et al., 2003) , which can be blocked by bumetanide and by removal of extracellular Na ϩ . In the continuous presence of 50 M bumetanide (20 -30 min), E GABA decreased significantly ( p Ͻ 0.01) to Ϫ48.9 Ϯ 2.0 mV (n ϭ 8), corresponding to [Cl Ϫ ] i of ϳ16.2 mM (Fig. 3A) . A similar reduction of E GABA was observed after removal of Na ϩ from the extracellular solution for 16 -30 min. Under this condition, E GABA decreased significantly ( p Ͻ 0.01) to Ϫ50.5 Ϯ 1.3 mV (n ϭ 9), corresponding to a [Cl Ϫ ] i of ϳ14.9 mM (data not shown). For additional analysis, we estimated [Cl Ϫ ] i by noninvasive MEQ microfluorimetric experiments (Fig. 3B) . The ratio of MEQ fluorescence between resting (F rest ) and Cl Ϫ -free (F 0 ) conditions was calculated for 74 cells from eight slices. Because Cl Ϫ -free solution led to a slight increase in cell volume, as estimated from an increase in the calcein fluorescence by 7.8 Ϯ 1.0%, F 0 was corrected for this cellular volume increase to compensate dilution effects. From the fluorescence ratio F 0 /F rest (Fig. 3C) , a [Cl Ϫ ] i of 29.2 Ϯ 1.4 mM was calculated using the Stern-Volmer equation. Four slices were preincubated with 100 M bumetanide for 1-3.5 h, because the absorption and emission spectra of bumetanide interfere directly with MEQ fluorescence (Fukuda et al., 1998) . Subsequent experiments in bumetanide-free solutions revealed that in these slices, the ratio F 0 /F rest was reduced to 1.52 Ϯ 0.03 (n ϭ 36 cells from four slices) (Fig. 3C ), corresponding to a [Cl Ϫ ] i of 14.0 Ϯ 0.9 mM, which was significantly ( p Ͻ 0.001) smaller than under control conditions. In summary, the results of both independent sets of experiments revealed a high [Cl Ϫ ] i in CR cells, which was actively maintained by bumetanide-sensitive and Na ϩ -dependent Cl Ϫ uptake. 
Methodical considerations
Resting [Cl
NKCC1 expression in CR cells
The previous results suggest that NKCC1 is a likely candidate mediating active Cl Ϫ uptake. Indeed, molecular experiments revealed the expression of NKCC1 mRNA in CR cells. In situ hybridization histochemistry showed that hybridization signals for NKCC1 were found close to the soma of large, reelin-positive cells in the marginal zone (Fig. 4 A, B) , which are presumably CR cells. Multiplex single-cell RT-PCR corroborated these findings. NKCC1 mRNA was detectable in four of 14 cells (Fig. 4C) . Interestingly, KCC2 mRNA was present in six of 14 cells.
To investigate whether NKCC1 is also expressed at a protein level in CR cells, immunohistochemical staining was performed in tangential slices of the neocortex. NKCC1 immunofluorescence was detected in cells throughout the marginal zone (Fig.  5A ). One population of these NKCC1-immunopositive cells displayed the typical appearance of CR cells, as demonstrated by reelin staining (Fig. 5B) . To prove that CR cells were indeed NKCC1 immunopositive, costaining using antibodies against NKCC1 and reelin were performed. Confocal microscopy re- A, Typical GABA-evoked currents of P1 CR cells recorded in gramicidin-perforated patch-clamp configuration using two different pipette solutions containing either 6 mM Cl Ϫ (low-Cl Ϫ ; left) or 136 mM Cl Ϫ (high-Cl Ϫ ; right). GABA was applied focally (arrowhead) while holding potential (V h ) was adjusted between Ϫ100 and Ϫ20 mV in 20 mV steps. B, Current-voltage relationship of GABAergic currents (I GABA ) recorded with lowCl Ϫ (closed circles) and high-Cl Ϫ (open circles) pipette solution under gramicidin-perforated patch-clamp conditions. Data points represent means Ϯ SEM of at least 18 experiments. The intersection of the linear fit and the x-axis indicates E GABA . C, Plot of E GABA obtained in all experiments using low-Cl Ϫ (closed circles) and high-Cl Ϫ (open circles) pipette solution under gramicidin-perforated patch-clamp conditions. Statistical analysis revealed that E GABA was identical using low Cl Ϫ (closed square) or high Cl Ϫ (open square) pipette solution. Box plots displaying median, top, and bottom quartile suggest a normal distribution of the data. D, Relationship between intervals of GABA application sequences and E GABA . E GABA was determined by the protocol shown in A at intervals between 15 and 120 s. Closed squares represent mean Ϯ SEM of five experiments; the open square represents E GABA determined by the first application sequence. Note that E GABA was significantly (*p Ͻ 0.05; Wilcoxon test) reduced if the interval between application protocols is Ͻ120 s. E, Determination of E GABA (closed diamonds; n ϭ 6) and GABA-induced peak depolarization (open diamonds; n ϭ 4) with an interval of 2 min between application sequences performed at holding potentials of Ϫ60 mV. Both GABA responses were stable over the whole observation period. vealed that all reelin-immunopositive cells also displayed NKCC1 signals ( Fig. 5C-E) . In summary, these results demonstrate that NKCC1 is expressed in CR cells. (Fig. 6 A) . This depletion protocol was sufficient to induce a switch from depolarizing GABA responses with an amplitude of ϩ12.8 Ϯ 2.3 mV (n ϭ 8) at Ϫ60 mV membrane potential to hyperpolarizing (Ϫ4.2 Ϯ 0.9) responses (Fig. 6 A) . In all investigated cells, the GABA responses recovered toward depolarization. In voltageclamp experiments, the depletion protocol significantly ( p Ͻ 0.001) reduced E GABA from Ϫ38.5 Ϯ 1.3 mV (n ϭ 26) to Ϫ64.3 Ϯ Ϫ1.2 mV (Fig. 6 B, C) , corresponding to a [Cl Ϫ ] i reduction to ϳ6.6 mM. Subsequently, E GABA recovered to Ϫ43.0 Ϯ 1.0 mV, corresponding to a [Cl Ϫ ] i of ϳ21.5 mM. The recovery of [Cl Ϫ ] i was a rather slow process, taking 10 -15 min, which could be fitted with a monoexponential function using a time constant of 158 Ϯ 7 s (Fig. 6 D) To identify the contribution of NKCC1 to Cl Ϫ uptake, we analyzed the effect of the inhibitor bumetanide on [Cl Ϫ ] i recovery after depletion. In the presence of 50 M bumetanide, only a partial recovery of E GABA could be observed (Fig. 7A, triangles) , independent of whether the incubation time was 4 or 20 min. Neither the E GABA values reached after recovery nor the time constant of Cl Ϫ uptake depends on the incubation time in bumetanide; therefore, data were pooled. E GABA was significantly ( p Ͻ 0.001) smaller after recovery in bumetanide than after recovery in ACSF in all investigated cells (Fig. 7 B, C) . In the presence of 50 M bumetanide, E GABA reached Ϫ52.5 Ϯ 1.2 mV (n ϭ 16), corresponding to a [Cl Ϫ ] i of ϳ13.4 mM (Fig. 7E ). This value equals E GABA at a passive [Cl Ϫ ] i distribution, suggesting a complete lack of active Cl Ϫ uptake in the presence of bumetanide. Bumetanide effects were not reversible within 20 min. To corroborate this finding, Na ϩ was removed from the recording solution in an additional set of experiments. In the absence of extracellular Na ϩ , the recovery of E GABA after Cl Ϫ depletion was also incomplete (Fig. 7A, filled circles) . In all investigated cells, E GABA was significantly ( p Ͻ 0.001) smaller after recovery in the absence of extracellular Na ϩ than after recovery in ACSF (Fig. 7 B, D) . E GABA obtained after a recovery in Na ϩ -free solution amounted to Ϫ58.9 Ϯ 1.2 mV (n ϭ 12). The [Cl Ϫ ] i calculated from E GABA after recovery in Na ϩ -free solution was ϳ9.4 mM and thus was lower than the passive distribution (Fig. 7E) . The effect of Na ϩ -free solution was completely reversible; E GABA recovered to Ϫ43.2 Ϯ 2.5 mV (n ϭ 10) after readmission of Na ϩ . The value of E GABA estimated after recovery was significantly lower ( p Ͻ 0.01) in Na ϩ -free solutions than in the presence of bumetanide. Removal of extracellular Na ϩ does not only block Cl Ϫ transport but may rather reverse the transport process (Kakazu et al., 2000) . To study the question of whether the negative shift of E GABA in Na ϩ -free solution was caused by a reversal of NKCC1, the recovery process in Na ϩ -free conditions was examined in the presence of 50 M bumetanide. Under this condition, E GABA reached Ϫ60.7 Ϯ 2.5 mV (n ϭ 5) and did not differ significantly ( p ϭ 0.89) from E GABA measured in Na ϩ -free conditions alone (data not shown). Readmission of Na ϩ to bumetanide-containing solution led to a positive shift in E GABA to Ϫ53.6 Ϯ 1.8 mV, which is close to passive distribution. These findings indicate that reversal of NKCC1 did not contribute to the more negative E GABA determined in Na ϩ -free ACSF.
Kinetics of the Cl
A (Fig. 7F ) , the lowest [Cl Ϫ ] i reached under all experimental conditions. This graph clearly shows that the rate of Cl Ϫ transport is drastically reduced in the absence of Na ϩ or in the presence of bumetanide. In summary, these results clearly demonstrate that active Cl Ϫ accumulation is bumetanide-sensitive and Na ϩ -dependent and suggests a central role of NKCC1.
Resting Cl
؊ conductance in CR cells Because our findings indicate a rather slow Cl Ϫ accumulation process in CR cells, the rate of Cl Ϫ loss via membrane conductance was also investigated. For this purpose, E GABA was determined after inhibition of Cl Ϫ uptake by 50 M bumetanide. Within the first 20 min of the bumetanide application, E GABA decreased from Ϫ42.8 Ϯ 1.4 to Ϫ50.5 Ϯ 1.6 mV (n ϭ 6), corresponding to a [Cl Ϫ ] i reduction from ϳ22 to ϳ15 mM. The [Cl Ϫ ] i decline was fitted by a monoexponential function, and the initial velocity of Cl Ϫ leakage was determined from the slope of these fits at resting [Cl Ϫ ] i (Fig. 8 A) . The low initial [Cl Ϫ ] i leakage rate of 18.4 Ϯ 2.4 M/s (n ϭ 6) indicates slow passive Cl Ϫ fluxes in CR cells. To address the question of which pathways contribute to the passive net Cl Ϫ fluxes, we determined the Cl Ϫ conductance of CR cells in whole-cell voltage-clamp experiments. For this purpose, current voltage (I V ) relationships of CR cells were determined in the presence of 0.2-1 M TTX and 1 mM CsCl to block voltagedependent sodium and hyperpolarization-activated currents . First, we investigated the effect of 1 mM 9-AC and 375 M DIDS, known to block various Cl Ϫ conductance like voltage-dependent Cl Ϫ channels, Ca 2ϩ -activated Cl Ϫ channels, and volume-regulated anion channels (Nilius and Droogmans, 2003) . The combined application of 9-AC and DIDS had only a very small effect on membrane currents (Fig. 8 B) . From differences in membrane currents between control and 9-AC/DIDS containing solutions, a slope Cl Ϫ conductance of ϳ64 pS (n ϭ 6) was estimated around RMP (Fig. 8C) . To investigate the question of whether activation of ligand-gated Cl Ϫ channels by ambient GABA or glycine affects the Cl Ϫ conductance of CR cells, these channels were blocked by the combined application of the GABA A receptor antagonist GBZ (3 M) and the glycinergic antagonist strychnine (30 M). Although GBZ and strychnine had only small effects on membrane currents at potentials below Ϫ20 mV, currents were decreased at potentials exceeding Ϫ20 mV (Fig. 8 B) . The differences in membrane currents between control and GBZ/strychnine containing solutions revealed a slope conductance of ϳ132 pS near the RMP (n ϭ 8) (Fig. 8 D) . In summary, these results demonstrate a low Cl Ϫ conductance, which is mediated by ligand-dependent and -independent Cl Ϫ channels. 
Excitatory GABA responses in CR cells
To evaluate functional consequences emerging from the slow Cl Ϫ accumulation process in CR cells, we investigated the effect of GABA application in current-clamp experiments under gramicidin-perforated patch-clamp conditions. As expected, focal GABA application induced a prominent membrane depolarization by 20.9 Ϯ 0.7 mV in all investigated cells (n ϭ 68). This depolarization was sufficient to reach the spike threshold and elicit action potentials in 79.1% of those cells (Fig. 9A) . Incubation of the slices in 50 M bumetanide for 7.5-30 min reduced GABA-induced depolarizations to Ϫ50.9 Ϯ 1.5 mV (n ϭ 7) and suppressed action potential discharges in all investigated cells (Fig. 9 B) . In summary, these findings suggest that the bumetanide-sensitive Cl Ϫ accumulation is required to maintain depolarizing GABA actions.
Because (Fig. 9C) . Increasing the application frequency to 0.2 Hz slightly decreased the amplitude of GABAergic depolarizations from Ϫ45 Ϯ 2 to Ϫ48 Ϯ 2 mV within 120 s (n ϭ 4). However, membrane depolarization was sufficient to elicit action potentials at nearly each GABA pulse (four failures from 96 applications). At an application frequency of 0.5 Hz, the reduction of GABAergic depolarizations was more pronounced and decreased from Ϫ46 Ϯ 1 to Ϫ54 Ϯ 1 mV (n ϭ 6) within 48 s (Fig. 9D) . After 20 Ϯ 5 GABA pulses, no action potential could be elicited. Recovery from this attenuation of GABA responses took 15-20 min. Additional GABA pulses applied 14 -78 s after the pulse train did not induce action potentials (n ϭ 4) (Fig. 9D) , indicating that receptor desensitization may not account for the amplitude reduction of GABA responses. To exclude that GABA induced depolarizations were diminished because of receptor desensitization, we performed control experiments in whole-cell configuration at a [Cl Ϫ ] p of 30 mM. Under these conditions, GABA pulses at an application frequency of 0.5 Hz reliably elicited action potentials (n ϭ 8) (Fig. 9E) , although voltage-clamp experiments revealed desensitization by 44.3 Ϯ 3.3% (n ϭ 9) during the first 10 pulses at this application frequency (Fig. 9F ). In addition, these repetitive GABA pulses did not diminish R in (from 0.67 Ϯ 0.11 to 0.65 Ϯ 0.07 G⍀, n ϭ 8, after 10 pulses) and had no effect on AP threshold (Ϫ37.2 Ϯ 0.6 to Ϫ38.8 Ϯ 0.5, n ϭ 8), indicating that neither a decrease in R in because of extracellular GABA accumulation nor inactivation of voltage-gated Na ϩ channels contribute to the attenuation of GABA responses (data not shown). In summary, these findings demonstrate that repetitive activation of GABA A receptors can lead to a reduction of [Cl Ϫ ] i and thereby may suppress excitatory GABA actions. Depolarizing GABA A -mediated responses do not necessarily provoke excitatory membrane responses but may also mediate shunting-inhibition, depending on the timing between the GABAergic and an additional excitatory input (Staley and Mody, 1992; Gao et al., 1998) . To test whether, in CR cells, GABA also contributes to shunting-inhibition, we paired subthreshold GABA application with current injection of increasing strength at different intervals between both stimuli. At a [Cl Ϫ ] p of 30 mM, resembling a physiological [Cl Ϫ ] i , GABA pulses applied simultaneously with the current (Fig. 10 A, left trace) attenuated the injection current required to trigger APs from 31.7 Ϯ 4.2 to 21.7 Ϯ 3.3 pA (n ϭ 6). Similar results were obtained when the current stimulus was applied at the peak or in the decay phase of the GABA response (Fig. 10A, middle and right traces) , suggesting reliable excitatory action of GABA under physiological conditions. ϩ -free ACSF (filled circles; n ϭ 7) and in the presence of 50 M bumetanide (gray triangles; n ϭ 10). The recovery process and final E GABA were altered by bumetanide and Na ϩ -free ACSF. B, Typical responses to GABA application protocols used to determine E GABA after recovery in ACSF, 50 M bumetanide (Bum), and Na ϩ -free ACSF (0 Na ϩ ). In contrast, at 10 mM [Cl Ϫ ] i , GABA increased the threshold current required to evoke action potentials by paired current injection independent of the timing between the stimuli (Fig. 10B) 
Discussion
The present study provides detailed insight into the properties of Cl Ϫ accumulation in immature cortical neurons presenting unique data on velocity and transport capacity of Cl Ϫ uptake. We could demonstrate the following in CR cells: (1) bumetanide and Na ϩ -free solutions decreased steady-state [Cl Ϫ ] i ; (2) NKCC1 expression could be detected at mRNA and protein level; (3) active Cl Ϫ uptake was bumetanide-sensitive and Na ϩ -dependent and showed a rather low transport capacity; and (4) the activity of this Cl Ϫ uptake process was sufficient to maintain GABAergic membrane responses excitatory at low frequency of Ϫ efflux rate was calculated from the tangent aligned to the fit at the first data point (dashed line). B, Currentvoltage relationship of membrane currents observed in the continuous presence of 0.2 M TTX and 1 mM CsCl (black triangle). Although the combined application of the Cl Ϫ channel blockers DIDS (375 M) and 9-AC (1 mM) had little effect on membrane currents (gray diamonds), blockade of ligand-gated Cl Ϫ channels with GBZ (3 M) and strychnine (Strych; 30 M) reduced membrane currents at depolarized potentials (open circle). C, I V plot of current difference (⌬I ) between control and 9-AC/DIDS containing bathing solutions. Slope Cl Ϫ conductance was estimated between Ϫ80 and Ϫ60 mV. D, I V plot of current difference (⌬I ) between control and GBZ/strychnine containing bathing solutions. Slope Cl Ϫ conductance was estimated between Ϫ80 and Ϫ60 mV. Ϫ influx mediated by anion exchangers in immature neurons (Sterling and Casey, 2002) , which may lead to the observed Cl Ϫ extrusion. Our results clearly demonstrate that under resting conditions, [Cl Ϫ ] i was high enough to render GABA actions excitatory in most of the cells examined under perforated-patch conditions, and that the activity of NKCC1 is a prerequisite for excitatory GABA responses in CR cells. However, the capacity of the accumulation process was sufficient to maintain a constant [Cl Ϫ ] i only during a minor challenge. GABA pulses applied at higher frequencies exceed the capacity of NKCC1-mediated Cl Ϫ uptake, which will lead to inhibitory GABA A receptor-mediated responses because of prevailing shunting-inhibition at an insufficiently strong membrane depolarization (Staley and Mody, 1992) . At decreased [Cl Ϫ ] i , GABA can even have excitatory and inhibitory actions depending on the timing between inputs (Gao et al., 1998) . In contrast, no direct conclusion about the effect of ongoing or burst-like GABAergic synaptic inputs on [Cl Ϫ ] i and thus on the functional consequences of GABAergic inputs could be drawn from the repetitive focal GABA application used in the present study. The rather inefficient Cl Ϫ accumulation in CR cells might reflect sparse GABA A -mediated synaptic inputs observed under resting conditions (Kilb and Luhmann, 2001; Chan and Yeh, 2003; Soda et al., 2003) . However, carbachol-induced activity of immature cortical networks (Dupont et al., 2005) provoked a massive frequency increase of GABAergic postsynaptic potentials in mouse CR cells, which in turn abolished the capacity of GABAergic inputs to trigger action potentials (K. Achilles, W. Kilb, and H. J. Luhmann, unpublished results).
The limited Cl Ϫ accumulation capacity in immature neurons could provide a mechanism to regulate network activity. In developing chick spinal cord, episodes of spontaneous activity, mainly driven by GABA and glycine, last for ϳ60 s and are followed by interepisode depression intervals of 10 -15 min, which are attributable to a slow recovery of [Cl Ϫ ] i after massive Cl Ϫ efflux during network activity episodes (Marchetti et al., 2005) . In Mg 2ϩ -free solution, a similar kind of activity has been described in CR cells, where synchronous barrages of GABAergic postsynaptic currents lasting ϳ2 s occurred at a frequency of ϳ0.01 Hz (Soda et al., 2003) . The limited Cl Ϫ accumulation capacity in CR cells might provide an explanation for this pattern of synchronous activity. Interestingly, network activity driven by excitatory GABAergic inputs induces transient events under physiological and pathophysiological conditions (Leinekugel et al., 1997; Khalilov et al., 2005) . Thus, [Cl Ϫ ] i dynamics may play a role in patterning network activity providing the temporal information required for the formation of functional synaptic connections (Penn and Shatz, 1999; Ben-Ari, 2001 ).
